Effects of peptide ratios in nanofiber-based hydrogels for the prevention of capsular opacification 7 Abstract Purpose: An experimental study was performed in which nanofiber-based hydrogels (nanogels) with attached peptides in different ratios were applied to provide an extracellular environment for lens epithelial cells (LECs) in order to modulate the capsular opacification (CO) response after lens surgery in a porcine eye model.
Chapter 7
Effects of peptide ratios in nanofiberbased hydrogels for the prevention of capsular opacification Lisanne M. Nibourg, Edith Gelens, Simone A.F. Nibourg, Menno R. de Jong, Roel Kuijer, Theo G. van Kooten, and Steven A. Koopmans This chapter is an edited version of a submitted manuscript.
Introduction
Capsular opacification (CO) following cataract surgery is a common complication leading to a diminished visual acuity as a consequence of proliferation, migration, and transdifferentiation of lens epithelial cells (LECs), a process generally referred to as epithelial to mesenchymal transformation (EMT) (de Iongh et al., 2005, Marcantonio and Vrensen, 1999) . In EMT and CO development, there is a key role for TGF-β signaling. However, many other signaling molecules have been reported that influence LEC behavior as well (Nibourg et al., 2015b , Wormstone et al., 2009 . Recently, integrin signaling was added to the list of related signaling pathways (Mamuya et al., 2014, Walker and Menko, 2009 ).
Integrin receptors are mainly involved in interactions between cells and extracellular matrix (ECM), and most of the integrin members are present in LECs (McLean et al., 2005 , Worthington et al., 2011 , Zhang et al., 2000 . Following cataract surgery, changes in the extracellular environment of LECs occur. These changes in integrin-ECM interactions are associated with transdifferentiation of LECs, and integrins were found to be activators for TGF-β, which is present in the latent form in the ECM (Dawes et al., 2007 , Mamuya et al., 2014 , Wederell and de Iongh, 2006 , Worthington et al., 2011 . Altogether, these processes result in the development of CO.
In a previous study (Nibourg LM, et al. 2015c) , we developed an organ-culture porcine eye lens model, in which nanofiber-based hydrogels (nanogels) with attached peptides were applied to interact with the LECs in order to prevent the formation of CO. The lens fibers were removed and nanogels were injected in the remaining capsular bag. This technique is similar to techniques developed for accommodative lens refilling, in which lens fibers are replaced by a silicone polymer enabling accommodation in presbyopic lenses (Koopmans et al., 2003 , Koopmans et al., 2014 . For the development of these injectable accommodating lenses, CO is a major problem, since these lenses require an intact and clear lens capsule . In our previous study (Nibourg et al. 2015c) , promising implications for the use of nanogels for the prevention of CO were demonstrated. The combination of two lamininderived peptides (IKVAV+YIGSR) showed only a few single LEC on the posterior capsule providing a clear capsule after three weeks of lens culture. Furthermore, the combination of a fibronectin-derived (RGDS) and a collagen IV-derived peptide (DGEA) resulted in a morphologically normal, single LEC layer on the posterior capsule without transformation.
Here, we attempt to optimize the nanogel-peptide ratios by using the most promising peptide combinations from the previous study (IKVAV+YIGSR and RGDS+DGEA). The effects of variations in peptide ratios and variation in the model were established using a lens capsule culture model.
Material and methods

experimental setup
Sixty-two fresh natural porcine (Sus domesticus) eyes were obtained from the local slaughterhouse. All eyes were from pigs with an age of about six months. The lens content was removed, and the lenses were refilled with nanogel (see surgical refilling procedure).
The lenses were divided into two groups refilled with nanogel. The first group (n=34) was refilled with different ratios of the laminin-derived peptides IKVAV (isoleucine-lysinevaline-alanine-valine) and YIGSR (tyrosine-isoleucine-glycine-serine-arginine), and the second group (n=26) was refilled with different combinations of the fibronectin-derived peptide RGDS (arginine-glycine-aspartic acid-serine) and the collagen IV-derived peptide DGEA (aspartic acid-glycine-glutamic acid-alanine). There was dropout of one lens from the IKVAV+YIGSR group due to incorrect positioning of the plug causing leaking of the gel from the lens capsule. An additional group of two lenses was refilled with culture medium (see below) to assess the effects of culture medium on the LEC response, e.g.
initiation of proliferation or transformation. After extraction from the eye, lenses were kept in minimal essential medium (MEM) supplemented with 12% fetal bovine serum (FBS), 2 mM GlutaMAX™-I, 1 mM sodium pyruvate, and 500 Units/ml penicillin -500 µg/ ml streptomycin -1.25 µg/ml amphotericin B (all Life Technologies Ltd, Paisley, UK), and cultured for three weeks in a 37 °C 5% CO2 incubator. The culture medium was changed twice a week.
Nanofiber-based hydrogel assembly and preparation
The hydrogel used for refilling of the lenses consists of nanofibers of a low molecular weight hydrogelator (LMWG) and is formed by self-assembly ( Figure 1 ) (Brizard et al., 2008 , van Bommel et al., 2004 . The synthesis of the hydrogel has previously been described by van Bommel et al. (2005) LMWG was functionalized with a maleimide moiety and subsequently reacted with cysteine-containing peptides to obtain the components for the nanogel-peptide combinations. This process has been described in detail by Tuin et al. (Tuin A, et al. 2015; manuscript in preparation) . To achieve self-assembly of LMWG into nanofibers and subsequent gel formation, LMWG was first dissolved in a mixture of hydrochloric acid (0.18 M HCl) and saline solution, followed by mixing of the LMWG solution with 5% hyaluronan solution and 3.7% sodium bicarbonate buffer containing 6.5% NaCl by vortex (ratio LMWG:saline:hyaluronan:buffer = 7:30:30:32). Then, the gel was ready to inject into the empty lens capsule (pH = 6-8). Because of the fast gelation the nanogel had to be injected within 10 seconds. The gelation time slightly varied between gels depending on the amount of peptides which were mixed into the nanogel. (Cui et al., 2010 , Ikonen et al., 2013 , Liu et al., 2013 .
Nanogel-peptide ratios
The peptides derivatives (Nano Fiber Matrices B.V., Groningen, The Netherlands) were mixed into the nanogel in a variety of combinations and ratios (Table 1) . In previous experiments, nanogels contained a 0.5 mole percent (mol%) of each peptide derivative.
In order to investigate variations to this motif, the quantity of the sum of the peptide derivatives as well as the ratio between them was varied. The laminin-derived peptides IKVAV (isoleucine-lysine-valine-alanine-valine) and YIGSR (tyrosine-isoleucine-glycineserine-arginine) were mixed in at respectively: 0.25:0.25, 0.5:0.5, 1:1, 1:0.5, 0.5:1, 0.55:0.5, and 0.5:0.55 mol%. The nanogel with the fibronectin-derived RGDS (arginine-glycine-aspartic acid-serine) and the collagen IV-derived DGEA (aspartic acid-glycineglutamic acid-alanine) was mixed in the following ratios: 0.25:0.25, 0.5:0.5, 1:1, 1.5:1.5, 1:0.5, and 0.5:1 (mol%). αSMA= alpha-smooth muscle actin. * Cell density within a field of view of 238 x 238 μm.
Surgical refilling procedure
The surgical lens refilling procedure is based on methods described by Koopmans et al. (2003 Koopmans et al. ( , 2014 and Nibourg et al. (2015a) . To summarize, lens contents were extracted through a capsulorhexis of 1.0-1.5 mm diameter. LECs were not intentionally removed. The capsular bag was closed with a capsular plug (3.0 mm diameter), and the nanogel was injected until complete filling of the capsular bag.
Imaging of lens epithelial cells and immunofluorescence
Lenses were fixated for 30 minutes with 3.7% paraformaldehyde. After permeabilization for 15 minutes in 0.5% Triton X-100 in phosphate-buffered saline (PBS), LECs were stained for 30 minutes with 2 µg/ml tetramethylrhodamine B isothiocyanate (TRITC) labeled phalloidin and 4 µg/ml 4',6-diamidino-2-phenylindole (DAPI) dissolved in PBS containing 1% bovine serum albumin (PBSA). Microscopic observation with the Leica TCS SP2 Confocal Laser Scanning Microscope (Leica Microsystems, Rijswijk, the Netherlands) was carried out on the intact lenses within one week after fixation, until then the lenses were stored in PBS at 4°C in the dark.
The next step was immunofluorescence staining for the myofibroblasts marker alpha smooth muscle actin (αSMA) (Marcantonio et al., 2003) . To perform this staining, the nanogel was drawn from the lenses by removing the plug and emptying the capsule.
Then, the capsules were incubated for 30 minutes in 5% bovine serum albumin (BSA) in PBS, followed by incubation for 1 hour with a 1:100 dilution of primary mouse-antihuman αSMA antibody (A2547, Sigma-Aldrich Co, St. Louis, USA) in PBSA. Next, lenses were washed three times 10 minutes in PBSA and incubated for 1 hour in the secondary antibody, 1:100 diluted FITC-labeled goat-anti-mouse IgG (Jackson ImmunoResearch Europe Ltd, Suffolk, UK) in PBSA. Lenses were washed two times 5 minutes in PBSA, and were stored in PBSA until microscopic observation. For microscopic observation lens capsular bags were mounted on object slides, covered with citifluor (Citifluor Ltd, London, UK) and cover-slipped.
Qualification and quantification of the cell response
From each lens six images were recorded, yielding three images of the anterior and three images of the posterior capsule. Images of the anterior capsule were taken from the exact middle of the anterior capsule (top), an image from the proximal capsule nearby the plug (plug) and an image away from the plug. To evaluate effects of EMT on our samples, images were analyzed for changes in cell morphology, quantified as size of the cell. The average cell density and the percentage of αSMA positive cells were determined using ImageJ software (Schneider et al., 2012) . All images showed a monolayer of LEC, and only cells showing a complete cytoplasmatic αSMA staining were counted as αSMA positive, including both diffuse staining (e.g. arrow Figure 2F2 ) and cells possessing αSMA-positive actin filaments (e.g. arrow Figure 2E2 ). The percentage αSMA positive cells was then determined from the total cell count per image.
Assessment of lens epithelial cell layers post-surgery LEC layers post-surgery were assessed using pictures made with the camera attached to the surgical microscope (OPMI 6-SFC, Carl Zeiss Meditec AG, Oberkochen, Germany) direct after the surgical procedure (Figure 3 ). Since it was not possible to assess initial LEC layers in lenses refilled with LMWG because these solutions were not transparent ( Figure 4 ), the two lenses in Figure 3 were filled with an optically clear viscoelastic solution to
show the anterior LEC layers after removal of the lens contents.
Statistical analyses
The data was analyzed with the Statistical Package for the Social Sciences (IBM SPSS Statistics 20). Differences in cell density and αSMA expression were evaluated using
Wilcoxon rank-sum tests and analyses of variance (ANOVA) with Games-Howell post-hoc analyses. In the IKVAV+YIGSR groups, differences in cell density between top and plug images from the anterior capsules were evaluated with the Wilcoxon signed-rank test for paired samples. P values ≤ 0.05 were considered statistically significant. 
Results
Differences in leC response between IKVAV+YIgSr and rgDS+DgeA groups
The LEC response varied between the two different peptide combinations (Figures 5 and   6 ). LEC in the IKVAV+YIGSR groups were smaller (P < 0.001), but there were no differences in αSMA expression between IKVAV+YIGSR and RGDS+DGEA nanogels (Table   1 , P = 0.112). In both groups, the microscopic samples showed mainly round regular LEC layers (e.g. Figure 5B1 and 6D1), interspersed with some samples with a slightly more irregular LEC pattern (e.g. Figure 5G1 and 6A2). Strings of bundled LECs in tubular structures were only seen in the RGDS+DGEA groups (e.g. Figure 6E1 ).
leC response in the IKVAV+YIgSr nanogel groups
In the groups filled with the laminin-derived peptides IKVAV+YIGSR the differences in LEC morphology were largest when there were large differences between the ratios of both peptides ( Figure 5D1-5G2 ). This also accounted for quantitative measures in these groups, as the variation in peptide ratios from respectively 1:0.5 to 0.5:1 mol% IKVAV+YIGSR in the nanogels (Figure 7 , part B) provided significant differences in αSMA expression (P = 0.007) and cell density (P < 0.001). In samples containing the 0.5:0.55 mol% ratios nanogels, however, a similar trend can be seen in cell densities (Figure 7 , part C). No variation in αSMA expression and cell density was seen in the groups which contained nanogels that differed in total peptide amount with equal ratios (Figure 7 , part A, P values ≥ 0.142). Together these results suggest that for the combination of the two laminin-derived peptides IKVAV and YIGSR differences in peptide ratios were more important for cell signaling than differences in total peptide concentration.
leC response in the rgDS+DgeA nanogel groups part D show a slightly parabolic correlation between the different quantities of peptides in the nanogel. There were no differences in cell morphology ( Figure 6E1 and 6E2), αSMA expression (P = 0.998), and cell density (P = 0.919) when ratios between the RGDS and DGEA peptides are varied ( Figure 7 , part E). Therefore, we chose not to perform refilling experiments with peptide ratios of 0.5:0.55 mol% for this combination. Thus, for the fibronectin-derived RGDS and the collagen IV-derived DGEA the total peptide amount was more important than changes in peptide ratios.
Other factors for variation in leC response after nanogel refilling
Next to variation in peptide ratios, we also found differences in initial LEC layers postsurgery ( Figure 3) . In lens 1, LECs were only seen at the periphery of the anterior capsule, while in lens 2 LECs were present over the whole anterior capsule. The pattern of damage to the LEC layer in lens 2 can be explained by the handling of the cannula during the extraction of the lens fibers. At this time, no attempts were made to clear the anterior capsule from LECs. Still the lens extraction procedure created a large variation in initial LEC layers between lenses at the start of the culturing period. Assessment of the effects of culture medium on the LEC response showed that the cell density in the medium refilled lenses (236 ± 23 LECs in a field of view of 238 x 238 μm) was comparable to the cell density in natural porcine lenses directly after extraction (244 ± 23 LECs, Nibourg et al. 2015c) , indicating that the effect of the growth factors in FBS containing medium on LECs was negligible in our culture model.
Discussion
The current study shows that the lens epithelium response post cataract surgery can be influenced by adding nanogels with varying ratios or total concentrations of cell adhesion mediating peptides, dependent on the type of peptides. To our knowledge, this is the first study that compares the effect of ratios and concentrations of cell adhesion mediating peptides incorporated in nanogels on lens epithelial cell behavior. Small changes in the quantities of peptides were found to have large effects on cell morphology (size). The findings in this study complement those of an earlier study, in which nanogels with 13 different peptide combinations (including RGDS+DGEA and IKVAV+YIGSR in 0.5:0.5 mol%) were examined in a porcine lens culture system, showing a reduction of LEC transformation by nanogels which was improved by the incorporation of peptides into the nanogels (Nibourg et al. 2015c) . The current study does not show severe LEC transformation in the form of cellular spreading ( Figures 5 and 6 ) as seen in the nanogel without peptides from the previous study, so refilling the lens capsule with nanogelpeptide combinations appeared to be a viable method for reducing LEC transformation.
Furthermore, the current study elaborates on the impact of integrin signaling of the specific peptide combinations present in the nanogels as discussed below.
While we previously described areas without cell growth with IKVAV:YIGSR 0.5:0.5, we decided to study combinations of these two peptides in more detail for this study, as laminin is present in the normal basal lamina and we have found since the previous study that the total absence of cells in certain regions may well be an artifact of the surgical technique (Parmigiani and McAvoy, 1991) . There must have been differences in initial LEC layers post-surgery as we noticed a wide variation in the presence of LECs on the anterior capsule, probably due to handling of the instruments during surgery (Figure 3 ).
Differences in initial LEC numbers may be exerting variation within groups, which may have resulted in larger SD's for the αSMA expression and cell density ( Figure 7 and Table   1 ). The nanogels with incorporated laminin-derived peptides showed a variety of LEC responses dependent on the peptide ratios. Differences in LEC morphology within the laminin-based nanogels were found to be largest when concentrations of the IKVAV and the YIGSR peptide were unequal (Figure 2 and 7) , which is an uncommon environment as IKVAV and YIGSR are equally distributed in the basal lamina. It is possible, however, that both cell adhesion-mediating groups may not be available to the cells in equal amounts as they can be cryptic. The relatively small cells with low αSMA expression in e.g. the 0.5:0.5 and 1:0.5 mol% groups ( Figure 5B1 -5B2 and 5D1-5D2) are suggestive of morphologically normal LECs in these groups.
In the second group, combinations of a fibronectin-derived peptide and a collagen IV-derived peptide were used, since these combinations provided a regular roundshaped LEC-layer in our previous study (Nibourg et al. 2015c) . Generally, the presence of fibronectin in the lens has been associated with abnormal LEC signaling (Oharazawa et al., 1999 , Olivero and Furcht, 1993 , Parmigiani and McAvoy, 1991 , and collagen IV has been thought to have a protective function for the LEC (Futter et al., 2005) . Our previous study showed that the collagen IV-derived peptide DGEA alone did not maintain LECs with normal morphology, while the combination of DGEA and the fibronectin-derived RGDS did provide normal shaped LECs (Nibourg et al. 2015c) . A possible explanation may be that the cells need the initial binding to RGDS before interaction with DGEA is possible. LECs from RGDS+DGEA refilled lenses from the current study show a variety of morphological responses based on the various peptide ratios. Differences in total quantity of mixed-in peptides had the largest effect on LEC morphology between groups (Figures 6 and 7) . The slightly parabolic correlation in αSMA expression and cell density between groups in Figure 7 part D reveals that αSMA expression is not always correlated to larger sized LECs, illustrating that in our model αSMA alone may not be the most appropriate marker for LEC transformation. A study on hepatic stellate cells indicated that αSMA expression could result from other signaling pathways than those initiating ECM synthesis (Lindert et al., 2005) . We also demonstrated that for maintaining normal LEC morphology the optimal peptide quantity of RGDS+DGEA is around a total of 1-2 mol% ( Figure 6B1 and 6C2). Lower and higher amounts of peptides in equal ratios resulted in larger LECs ( Figure 6A1 and 6D1), whereas the nanogels with unequal peptide ratios showed remarkable LEC morphology with round shaped strings of cells on top of the LEC layer ( Figure 6E1 and 6E2). As far as we know, these tube-like ring-structured LEC strings have not been described before. The LECs in these strings did not show elongation or αSMA expression and form a border with the surrounding LEC sheets. So it is seems more likely that the strings are formed in the epithelial cell layer and are not a result from EMTassociated transformation.
Similarly to our previous study, lens cultures in this study were performed using FBS containing medium. Thus, latent TGF-β as well as other growth factors were available to the LECs (Oida and Weiner, 2010 ). In the current study, we did not find an effect of culture medium on LEC size and number compared to LECs from natural porcine lenses (Nibourg et al. 2015c) . According to these data we may conclude that the culture medium did not influence the LEC response in this study. Furthermore, it needs to be considered that the use of medium with FBS can be regarded as a worst case scenario in which LEC transformation is induced because of the exposure to growth factors (Nibourg et al. 2015c ). Although it is unknown which of the serum proteins can diffuse through the capsular wall and exert effects on LEC transformation, our findings suggest that the extracapsular environment is less relevant to the outcome and that the used model is effective for the assessment of LEC responses following nanogel refilling.
Our findings enhance the understanding of integrin signaling in LECs by highlighting the importance of ratios and concentrations of cell adhesion mediating peptides in LECsignaling. It has been shown that LEC responses are directed via integrin signaling (Inan et al., 2001 , Nishi et al., 1997 . Our data revealed that small changes in peptide quantities have a profound effect on LEC morphology in porcine lens cultures. Thus, the use of nanogels with incorporated peptides can be a promising method towards tuning lens epithelial cells behavior and therewith CO prevention. Further studies on peptide ratios are therefore highly recommended.
